Abstract: An ultra-small polarization beam splitter on silicon-on-insulator platform is proposed and demonstrated experimentally employing a sharp bent directional coupler. The coupling length of our device is only 0.764 μm. High-efficient selective coupling can be achieved benefiting from the inner bend chosen as Through port and ultra-small bend (radii are about 3 μm) used in Through and Cross waveguides. The measured excess loss is less than 1 dB and extinction ratio is 15-20 dB for TM polarization, meanwhile, the measured excess loss is less than 2 dB and extinction ratio is 15-16 dB for TE polarization in a wavelength range from 1540 nm to 1580 nm. The fabrication tolerance to variation of waveguide width is also demonstrated. When the waveguide widths of the Through and Cross waveguides vary from −24 nm to +12 nm, the measured excess losses remain lower than 2 dB and the extinction ratios are higher than 10 dB for both polarizations. The footprint of the fabricated device is just 1.5 μm × 1.3 μm.
Introduction
The high refractive index contrast between silicon and silicon oxide cladding results in serious birefringence, which leads to polarization sensitivity [1] - [3] . Polarization beam splitter (PBS) plays a critical role in polarization handling devices for separating or combining two orthogonal polarizations [4] . Various kinds of structures have been proposed for realizing PBSs, including directional couplers (DCs) [5] - [8] , grating assisted contra-directional couplers [9] , [10] , asymmetrical Mach-Zehnder interferometers (MZIs) [11] , [12] , out of plane grating [13] , multimode interferences (MMIs) [14] - [16] , photonic crystals (PhCs) [17] , [18] and so on.
Compactness is a key requirement for photonic integrated circuit to realize high density integration [19] , [20] . A great deal of devices has been demonstrated with ultra-small footprints [21] , [23] . An ultra-compact silicon topology-photonic PBS using inverse design was reported with a footprint of 2.4 μm × 2.4 μm [24] . However, a small feature size was required in its fabrication. Benefiting from the weak optical confinement in a sharp bent waveguide and strong coupling between bent DC waveguides, bent DCs can be used to realize compact devices [25] . A silicon PBS using a bent DC based on phase matching condition was reported with a footprint of 9.5 μm × 2.8 μm [26] . We have fabricated a bent DC PBS with a more compact footprint by introducing sharp bends and shown preliminary results [27] .
In this paper, we propose and demonstrate an ultra-small bent DC PBS. The radii of ∼3 μm for bends are adopted in Cross and Through ports to reduce the footprint. Considering that the TM polarization leaks more easily from inner bend to outer bend than TE polarization, the inner bend is chosen as Through port. Therefore, the coupling length and the footprint can be reduced, which is different from the design in ref. [26] . For TM polarization, the highly efficient selective coupling between two bends can be achieved over a coupling length of 0.764 μm, which is attributed to good phase matching for TM mode in two bends and the inner bend chosen as Through waveguide. A small bend (radius is 0.72 μm) connected to Through waveguide is used to filter out the residual TM-polarized light. And the width of Cross waveguide is chosen close to the cutoff width for TE mode. As a result, the polarization extinction ratios (PERs) over 15 dB for both polarizations are achieved. Large tolerance to waveguide width for fabricated PBS is also demonstrated. The uppercladding of the PBS is SiO 2 . The device achieves a record small footprint of 1.5 μm × 1.3 μm, to the best of our knowledge.
Device Design and Fabrication
Figs. 1(a) and (b) show schematic structure of the proposed bent DC PBS. There are two parallel sharp bends with radii of about 3 μm in two ports. The loss introduced by sharp bends can be alleviated by advanced fabrication processes and reducing the propagation length [28] . Ultra-low loss 0.086 ± 0.005 dB per 90°bend with TE polarization input for bending radius of 1μm are demonstrated without any special fabrication process [29] . In our design, the inner bend is chosen as Through port because of the easier coupling from inner to outer bend for TM-polarized light, which is different from the design in ref. [26] . The TM polarization satisfies the phase matching condition in Through and Cross waveguides, meanwhile, the difference value of optical path length (OPL) in two ports for TE polarization should be large enough. For the TM polarization, strong cross-coupling is achieved from Through port to Cross port, and then outputs by Cross port. The sharp bend (R 3 = 0.72 μm) in the Through port is used to filter out the residual TM-polarized light and increase the PER. For the TE polarization, the light goes directly at Through port without coupling. The width of Cross waveguide is approximate to the cutoff width of TE mode (∼220 nm) [30] , as a result, the PER can be improved significantly. The bent waveguides connected to the coupling region at two ports are used to separate the Through and Cross waveguides.
A silicon-on-insulator (SOI) wafer with 220 nm thick top silicon and 3 μm thick buried oxide is adopted in our bent DC PBS. The design parameters are labeled in Fig. 1(b) . The inner bend with radius (R 1 ) of 3 μm is set as Through port. The widths of Through and Cross bent waveguides are chosen according to the phase matching condition: [26] in which n 1 and n 2 are the effective refractive indices of the TM mode in the Through and Cross waveguides, respectively; k 0 is the wavenumber in vacuum; R 1 and R 2 are the radii of Through and Cross waveguides, and θ 1 is the angle of coupling region. There should be a large phase-mismatch in two bends for TE polarization. The gap between two bends (w g ) is set as w g . The radius of Cross waveguide is given by R 2 = R 1 + w 1 /2 + w g + w 2 /2. The finite difference eigenmode (FDE) solver is applied to calculate the OPLs for both polarizations. In order to achieve the aforementioned condition, different parameters have been swept including the angle of coupling region (θ 1 ), w g and the widths of two bends (w 1 , w 2 ). When θ 1 , w g , w 1 , and w 2 are 13°, 80 nm, 438 nm, and 226 nm, respectively, the difference value of OPL in two bends for TM polarization is only 0.05. The TE polarization cannot be supported by Cross port, whereas the TE polarization can be confined well in Through port, which insure the significant difference value of OPL in two ports. The radius (R 3 ) and the angle (θ 3 ) of the bend in the Through port are 0.72 μm and 77°to filter out the residual TM-polarized light. The electric fields distribution at 1550 nm for this small bend connected with another large bend (R = 10 μm, θ = 13°) are shown in Figs. 2(a) and (b), which are simulated by three-dimensional finite-difference time-domain (3D-FDTD) method. For TM-polarized light input, there is only 45% of input left with serious leakage, whereas, for the TE-polarized light input, 91% of input can go through the small bend with slight radiation. Thus the small bend (R 3 ) can improve the performance of the PBS without introducing into larger excess loss. The coupling length for bent DC can be calculated by L c = R 2 sinθ 1 = 0.764 μm. the footprint of our device is 1.5 μm × 1.3 μm labeled by a black dashed frame in Fig. 1(b) .
Figs. 2(c) and (d) show the light propagation for the proposed PBS simulated by 3D-FDTD method at 1550 nm with different polarizations. The insets at different ports show the electric fields distribution at cross section. In condition of the TM-polarized light input, strong coupling occurs between two bends and most light outputs at Cross port. As we can see, the small bend R 3 acts as a filter for residual TM polarization. Whereas the TE-polarized light can go directly along the Through port. For the fabrication of proposed PBS, the full-etched waveguides pattern was defined by electronbeam lithography (EBL, Vistec EBPG 5200), and then transferred by inductively coupled plasma (ICP) dry etch. Thereafter, shallow etched (70 nm) grating couplers were made by EBL via ICP dry etch. Finally, silicon oxide was deposited by plasma enhanced chemical vapor deposition (PECVD) for protection. The field emission scanning electron microscope (FESEM) image of the fabricated PBS without upper cladding is shown in Fig. 3(a) . The width of gap (w g ) is the feature size in the PBS, which is 80 nm. We find that the gap is difficult to be fully etched as shown in Fig. 3(c) , which would degrade the performance. Compared with our previous work [27] , we increase the ICP etch time to ensure the fully etched gap in fabrication, as shown in Fig. 3(b) . In this way, better performances are achieved. Note that the Cross and Through waveguides are slightly over-etched. In the measurements, a tunable laser (Keysight 81960A) was used as the source. An optical power meter (Keysight 81636B) was used to detect the transmission spectra at both output ports. The polarization of input was determined by the type of polarization-dependent grating couplers. In order to characterize the performance of our device, two identical proposed PBS were fabricated closely with different grating couplers on the same chip. At the central wavelength of λ = 1550 nm, the transmission for the TM-and TE-polarized grating couplers are −5.9 dB/port and −5.4 dB/port, respectively. Fig. 4 shows the measured results. The transmission spectra of fabricated PBS were normalized by the transmission of straight waveguide connected with grating couplers. It can be seen that in the wavelength range of 1540-1580 nm, attribute to high efficient cross-coupling between Through and Cross waveguides and the filter effect by small bend (R 3 ), the excess loss and PER for TM polarization are below 1 dB and over 15 dB, respectively. In the wavelength range of 1515-1580 nm, for both polarizations, the excess losses can keep below 2.5 dB and PERs can keep over 10 dB. For TE polarization, high-power optical signal is obtained at the Through port. The excess loss and PER are lower than 2 dB and more than 15 dB, respectively. The high PER for TE polarization can be attributed to the different cutoff widths for both modes. The TE mode will be cutoff, when the width of waveguide is below 220 nm, whereas the TM mode can propagate well [30] . The cascade or filter structures can be used to improve the PERs for both modes further [31] , [32] .
Result and Discussion
The fabrication tolerance to waveguide width of our PBS is also presented. The PBSs with different width variations for both Through and Cross waveguides were fabricated on the same chip. The widths of Through and Cross port were varied with the same step 6 nm. When the waveguide variations change from w = −24 nm to w = +12 nm, the PERs for both polarization can remain higher than 10 dB. Figs. 5(a) and (b) show the measured transmission spectra of w = −24 and +12 nm, respectively. For TM polarization, the excess losses for Cross port increase about 1 dB due to the mismatch of OPL caused by width variation. While for TE polarization, the excess losses for Through port keep in the same level. In wavelength range of 1540 nm to 1580 nm, the excess losses for both polarizations are below 2 dB for the width variations w = −24 nm and +12 nm. The PERs for both polarizations are higher than 12 dB and 10 dB for w = −24 nm and +12 nm, respectively. In wavelength range of 1525-1580 nm, for both polarizations and width variations, the excess losses can keep lower than 2.5 dB and PERs can keep higher than 10 dB. The results show that the demonstrated PBS is tolerant to width variations. We compare the proposed ultra-small PBS with other different PBSs in the literature, as shown in Table 1 . Our proposed PBS achieves the smallest footprint and is tolerant to waveguides width variations.
Summary
In conclusion, we have proposed and experimentally demonstrated an ultra-compact PBS employing a sharp bent directional coupler. The coupling length and footprint of the PBS are 0.764 μm and 1.5 μm × 1.3 μm, respectively. The PERs and excess losses are over 15 dB and below 2 dB in a wavelength range from 1540 nm to 1580 nm for both TE and TM polarizations, respectively. It has been shown that the fabricated PBSs are tolerant to width variation. When the widths of Through and Cross ports vary from −24 nm to +12 nm, the excess losses are lower than 2 dB, and over 10 dB for PERs can be guaranteed.
